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Abstract 

43 " We build an supersymmetric version of the minimal 3-3-1 model with just two 

Higgs triplets using the superfield formalism. We study the mass spectrum of all 
Q-i particles in concordance with the experimental bounds. At the tree level, the masses 

of charged gauge bosons are the same as those of charged Higgs bosons. We also 



show that the electron, muon and their neutrinos as well as down and strange quarks 
gain mass through the loop correction. The narrow constraint on the ratio t w = ^ 
is given by studying the new invisible decay mode of the Z boson. 
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1 Introduction 



Models with SU(3) C <S> SU(3) L ® U(l) x gauge symmetry (called 3-3-1 models 
for short) are interesting possibilities for the physics at the TeV scale [1,2,3,4]. 
The 3-3-1 models can have several representation contents depending on the 
embedding of the charge operator in the SU(3) L generators, 

Q = h\ 3 -#\ 8 ) + x i, (i) 
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where the d parameter defines the different representation contents, X denotes 
the U(l) x charge and A 3 , A 8 are the diagonal generators of SU(3). 

In fact, this may be the last symmetry involving the lightest elementary parti- 
cles: leptons. The lepton sector is exactly the same as in the Standard Model 
(SM) [5] but now there is a symmetry, at large energies among, say e~ , v e and 
e + . Once this symmetry is imposed on the lightest generation and extended 
to the other leptonic generations it follows that the quark sector must be en- 
larged by considering exotic charged quarks. It means that some gauge bosons 
carry lepton and baryon quantum numbers. Although these models coincide 
at low energies with the SM it explains some fundamental questions that are 
accommodated, but not explained in the SM, namely 

(1) The family number must be three; 

(2) It explains why sin 2 9 W < \ is observed; 

(3) They are the simplest models that include bileptons of both types: scalar 
and vectors ones; 

(4) It solves the strong CP problem, the Peccei-Quinn symmetry occurs also 
naturally in these models [6]; 

(5) The models have several sources of CP violation [7,8]; 

(6) Allow the quantization of electric charge [9]; 

(7) Since one generation of quarks is treated differently from the others this 
may lead to a natural explanation for the large mass of the top quark [12]; 

(8) The models also produce a good candidate for Self Interacting Dark Mat- 
ter (SIDM) since there are two Higgs bosons, one scalar and one pseu- 
doscalar, which have the properties of candidates for dark matter like 
stability, neutrality and that it must not overpopulate the universe [13], 
etc. 

Another interesting thing about this kind of models is that the gauge 3-3-1 
symmetry is considered a subgroup of the popular Eq Grand Unified Theory 
(GUT), which can be itself derived from E 8 <g)E 8 heterotic string theory [10,11]. 

In the minimal version, with d = \/3, the charge conjugation of the right- 
handed charged lepton for each generation is combined with the usual SU(2) L 
doublet of left-handed leptons components to form an SU(3) triplet (u, 1,I c )l 
[2]. No extra lepton is needed in the mentioned model, and we shall call such 
model as minimal 3-3-1 model. There are also another possibility where the 
triplets (u,l,L c ) L contain the extra charged leptons (L). The new charged 
leptons (L) do not mix with the known leptons [3]. We would like to remind 
that there is no right-handed (RH) neutrino in both models. There exists 
another interesting possibility (i? = l/y/3), where a left-handed anti-neutrino 
to each usual SU(2) L doublet is added to form an SU(3) triplet (u, 1,v c )l 
[4], and this model is called the 3-3-1 model with RH neutrinos. The 3-3-1 
models have been studied extensively over the last decade, see for example 
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[14,15,16,17,18,19,20]. 



Despite attractive properties mentioned above, the usual 3-3-1 models have 
the weakness that reduces their predictive possibility is a plenty in the scalar 
sectors. The attempt to realize simpler scalar sectors has recently been con- 
structed 3-3-1 model with minimal Higgs sector called the economical 3-3-1 
model [21,22]. The 3-3-1 model with minimal content of fermions and Higgs 
sector (called the reduced minimal (RM) 3-3-1 model) has also been con- 
structed in [23]. 

The supersymmetric version of the minimal 3-3-1 model [2] has been con- 
structed in Refs. [11,24,25,26] (MSUSY331) while the version with RH neu- 
trinos [4] has already been constructed in Ref. [27,28,29] (SUSY 331RN). 
The supersymmetric economical 3-3-1 model has been presented recently [30] 
(SUSYEC0331). Some others interesting supersymmetric extensions of the 
3-3-1 models were presented in Ref. [31,32,33,34,35]. 

In this article we will present an supersymmetric version of the reduced mini- 
mal 3-3-1 model with the triplet (v, /, I c )l using only two triplets in the scalar 
sector. 

The outline of the paper is as follows. In section 2 we present representations of 
fermions and Higgs bosons contained in the supersymmetric RM 3-3-1 model. 
The super-Lagrangian in terms of superfields is studied in section. (3). In sec- 
tions 4,5,6, we present the mass eigenstates of gauge bosons, fermions and 
Higgs bosons as well as the phenomenological consequence of the model under 
consideration. The Lagrangians in term of fields are given in the Appendix A. 
In the last section 7, we summary our results and given conclusions. 



2 The supersymmetric RM 3-3-1 model 



In order to consider supersymmetric model, we first consider the particle con- 
tent in the model. In this model, three lepton superfield families are trans- 
formed as the triplet under the SU(3) C <g> SU(3) L <g> U(l) x gauge group. We 
use the same notation for fermionic field content given in Refs. [25,26] 



'1,3,0), I = e,n,T. 



(2) 



\ lC J 
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In parentheses it appears the transformation properties under the respective 
factors (SU(3) C , SU(3) L , U(l) x ). 

In the quark sector, one quark superfield family is also put in the triplet 
representation of SU(3) L as follows 



QlL = 



3,3,-), 



(3) 



and their respective singlet quark superfields are given by 



fiSL~(3*,l,-|), d5 £ ~(3*,l,i), ~ (3*, 1, -|) , (4) 



The remaining two quark generations are transformed as antitriplet superfield 
representation of SU(3) L such as 



Q2L = 



-U2 
\ * > 



, Q3L — 



( a ^ 

-u 3 

V ^ j 



(3,3*, 3), 



(5) 



and their respective singlet superfields are transformed as follows 



"2/ 3M. d c 2L J c 3L ~(3*,l,^j. 



JlL ,J2L ~ 3 , 1, 



(6) 



The Eqs.(3,5) explain exactly the meaning of item 7 given at the introduction 
of this article. 

On the other hand, the scalar superfields which are necessary to generate the 
fermion masses are 



P 

P° 
/)++ 



;i,3,+i), x 



( \ 

X 

V x J 



;i,3,-i). 



(7) 
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To remove chiral anomalies generated by the superpartners of the scalars, we 
have to introduce two other scalar superfields as follows 



;i,3*,-i), x' 



x 



X 



V x J 



(1,3*,+1). (8) 



It is to be noted that the superfields formalism is useful in writing the La- 
grangian which is manifestly invariant under the supersymmetric transforma- 
tions [37] with fermions and scalars put in chiral superfields while the gauge 
bosons in vector superfields. As usual, the superfield of a field will be denoted 
by (p [38]. The chiral superfield of a multiplet is denoted by 

9, 9) = 0(x) + i 9a»9 d^(x) + ^ 99 99 n$(x) 
+ V2 9(f)(x) + -^ 99 9a^d„(f)(x) 

+ 99F 4> (x). (9) 



Concerning the gauge bosons and their superpartners, if we denote the gluons 
by g b the respective superparticles, the gluinos, are denoted by A^, with b = 
1, . . . , 8; and in the electroweak sector we have V b , the gauge boson of SU(3) L , 
and their gaugino partners A^; finally we have the gauge boson of U(l)x, 
denoted by B, and its supersymmetric partner A#- 

The vector superfield is given by 



V(x, 9, 9) = -9a tx 9V ll {x) + i999\{x) - i999\{x) 

+ ]-9999D(x). (10) 



As the other version of the SU(3) C <g> SU(3) L <S> XJ(1) X , the vector superfields 
for the gauge bosons of each factor SU(3) C , SU(3) L and U(l) x are denoted 

by Vc, Vc\ V, V; and V', respectively, where we have defined 



V c = T a V£, V c = f a V-c, a = l,-..,8; 
V = T a V a , V = f a V a , 

V' = T 9 B, (11) 
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where T a = \ a /2, T a = — \* a /2 are the generators of triplet and antitriplets 
representations, respectively, and A a are the Gell-Mann matrices, and the T 9 = 
diag(l, 1, 1) is the generator of U(l) x which satisfies the relation: 
Tr(T a T b ) = l/25 ab with all a, b = 1, 2, ..9. 



3 The Lagrangian 

With the superfields introduced in the last section we can build an invariant 
supersymmetric Lagrangian. As usual as in supersymmetric model, for the 
model under consideration, we have 



Here £susy is the supersymmetric piece, while £ so f t explicitly breaks super- 
symmetry. Below we will write each of these Lagrangians in terms of the 
respective superfields. 

3.1 The supersymmetric terms 

The supersymmetric terms can be divided as follows 



£3-3-1 = £susy + ^ soft ' 



(12) 



£SUSY — ^Lepton + ^Quarks + ^Gaugc + ^Scalar, 



(13) 



where each term is given by 




(14) 




a 



(15) 



where the sum for i — 1, 2, 3, a — 1, 2 and 



Gauge 



- x [ f d 2 9 (W?W* + W a W a + WW) 




+ / d 2 e {w*w a c + w a w a + ww) 



(16) 
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where V c , V c , V and V are defined in Eq.(ll) and g s ,g and g' are the gauge 
couplings of SU(3) C , SU(3) L and U(l) x , respectively. W°, W a and W are 
the strength fields, and they are given by 



Wl c = -^-DDe- 29s% D a e~ 29s% , 
°9s 

8g 

W' a = - l -DDD a V' . (17) 
Finally, the Lagrangian for the Higgs superfield is given as follows 



= / dH [pe^^'p + h^'^'x + P eW-9'v'p> + % 
+ jd 2 eW + J d 2 6W, (18 

where W is the superpotential that is written details in the next subsection. 
After integrating the super-Lagrangian given in Eqs. (14,15,16) and Eq.(18), 
we obtain the Lagrangian given in Appendix A. 

3.2 Superpotential. 



Let us write the full superpotential in the model under consideration. The 
superpotential which is invariant under SU(3) C ® SU(3) L ® U(l) x group can 
be written by 

Wo Wi 

W=-y + ~f, (19) 



with W 2 is a combination of two chiral superfields and the terms permitted 
by the considered symmetry are 

W 2 = fi p pp' + p xX x', (20) 



and W% is invariant under the mentioned symmetry and a combination of three 
chiral superfields. That term has the following form 



W 3 = XieLLL + X 2 eL X p + £ KuQip'd* + J c 
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+ K 3aiQaPUi + K4af}QaXjp + Y ^aijQa^id) 



a/3 aij 



+ E bijJ^ui + £ i^u\u% + £ (21) 

i,j,k ij/3 i/3 

with i,j,k — 1,2,3, a — 2,3 and j3 = 1, 2. The terms k 5 and £ 2 will induce 
the proton decay as shown at [24]. 

Choosing, as we have done in [39], the following R-charges 



n p i = — 1, n p = 1, n x = n x > = 0, 

n L = n Qi =n di = 1/2, nj. = -1/2, n u = -3/2, (22) 

it is easy to see that all the fields Xi x'> Pi p' ■> L, Qi, u, d and Jj have R-charge 
equal to one, while their superpartners have opposite R-charge. This kind of 
symmetry is similar to that in the MSSM. The superpotential which satisfies 
the R- symmetry given in (22) can be written by 



2 2 3 



\ x eLLL + \ 2 eLxp + £ ^uQiP'di + k 2 Qix'J c 

(23) 



+ Y K 3aiQapUi + Y KAapQaXfp + £ ^baijQaUd' 

ai a/3 aij 

Based on the superpotential given in Eq.(23), we can generate mass to neutri- 
nos and recover all the nice consequences given at [39] . We will consider these 
details in the next section. 



3.3 Breaked structure from SUSY RM 3-3-1 to SU(3) C <g> U(1) Q . 



The pattern of the symmetry breaking of the model is given by the following 
scheme (using the notation given at [39]) 

SUSY RM 3-3-1 ^ SU(3) C <g> SU(3) L ®U(1) X 
WSU(3) C <g> SU(2) L ®U(l) y 
( « SU(3) C ® U(l) g . (24) 

For the sake of simplicity, here we assume that vacuum expectation values 
(VEVs) are real. This means that the CP violation through the scalar exchange 
is not considered in this work. Note that non-supersymmetric 3-3-1 model with 
non real vev was studied at [7,8] and it is the point 5 given at introduction. 
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When one breaks the 3-3-1 symmetry to the SU(3) C <g) U(l)g, the scalar fields 
get the following VEVs: 



<P> 



<p'> 



u 



V / 



u' 



< x >-- 



< x >-- 



(25) 



where u = v p /y/2, w = v x /y/2, v! = v p >/y/2 and w' = v x '/y/2. Because of 
the pattern of the symmetry breaking given in (24), the VEVs of the model 
under consideration have to be satisfied the conditions: 



w, w' ^> u, u . 



(26) 



On the other hand, the constraint on the W bosons mass [26], see Eq.(37), we 
get the following constraint on V p 2 



V p 2 = (246 GeV f 



(27) 



where V p 2 = v p + v' p . 



3.4 Soft terms 



The most general soft supersymmetry breaking terms, which do not induce 
quadratic divergence, are described by Girardello and Grisaru [40]. They found 
that the allowed terms can be categorized as follows: 

• The scalar mass term 



£smt = -m 2 A^A, 



(2* 



• The gaugino mass term 



C GM T = -^(M x X a X a + E.c.) 



(29) 



• The scalar interaction terms 
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£int — m ijAiAj + fijkt^ AiAjAk + H.c. 



(30) 



The soft SUSY breaking parameters are in general complex and they also can 
generate SUSY flavor problem. Therefore we can expect that in this model, 
there are several sources of CP violation as well as flavor problem. This subject 
can be explored in the future. 

In the model, the soft terms must be consistent with the 3-3-1 gauge symmetry. 
Hence, the soft terms have the following form 

£soft = ^GMT + £sMT + Ant, (31) 



where 



'GMT 



mx c E (\ a c \ a c ) +m x J2 (KK) + m!\ B \ B + H.c. 

a=1 a=l 



, (32) 



where \c are the gluinos, A a are the gauginos of SU(3) and \ B is the gauginos 
of U(l) [see Eq.(A.16)]. The gauginos get their masses at SUSY broken scale 
while their superpartners (the gauge bosons) are massless at this scale, because 
their masses appear only after we break the symmetry SU(3) L ® U(l) x [ see 
Eq.(37)] in next section. The second term which gains masses to all the scalars 
is written as 



-SMT : 



m 



Q, 



t QUQ 



ah 



3L 



m u .uAu\ 



L iL a iL 



m 



%df L d c iL — m 2 jJ^Jl — m^j^jpL 



(33) 



and the last term is given by 



int 



£0abctL aL L bL L cL + E\abtL aL XP + QaL {^laiPUiL + UJ3aajL a Ld^ L 
+ U4af}Xjj3 L ) + Q3L(Cup'd- L + CsjX' 'ft) + ^jA^L^kL 
+ S2ipd C iL ftj0L + S3ijpu c iL u c jL fp L + H.C. 



(34) 



4 Gauge boson masses 



Just as it did in the usual 3-3-1 model [2,26,39], we can divide the gauge boson 
masses into two parts namely the charged and neutral gauge boson masses. 
The mass Lagrangian for the gauge bosons can be obtained by 
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£sr= oo^ 



V2 J \ 2 



^A°V2*- j (oo- 



V6 



X 

^2 



5 



5' 



+ 00% -^A* a VT + -^B" 0% 



a Vq 



V2 



+ (o^o)(|a^ + ^) (o$o) r 
+ (o^o)(-|a^-^) 2 (o^o 



(35) 



The Lagrangian in Eq.(35) produces the charged gauge boson mass terms 
given as follows 



= M 2 w w~w + ^ + MyV~v +li + m 2 v u;-u ++ ^ 



(36) 



with 



i/ / 2 i 2 , 2 , 2 \ 





S 2 
8 
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M^ = 


S 2 
8 



and the mass eigenvectors are given respectively 



(37) 



V±{x) = ±=[v^x)±zV^x) 
U± ± (x) = -^=[v«(x)±iVt(x) 



(38) 



The neutral gauge bosons (V^ 1 , Vg, B^ 1 ) are mixing. The mass Lagrangian for 
neutral gauge bosons are given as 



CTsf 1 = ( V£ V£ B» ) M 2 NG ( V 3 , V s , B, Y (39) 



with 
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ML 



9_ 

4 



2 

2 i 2 



(40) 



After diagonalization the matrix M^ G , we obtain the mass eigenvalues as 
follows 



M* = 0, 



+ + + V 2 ) + ( V 2 + V 2 +V 2 + v 2 )2 



2 + t 2 



+ V 4 2+ + ^ 2) ( ^ + ^ + ^ + + ^ + W ' + ^ I (41) 



and the mass eigenvectors, respectively: 



2 3 2 8 V3 + 2t 2 



with t and q are defined as follows 



g> _ Qsm 2 9 w 

<7 " l-4sin 2 ^' 1 j 

. . V3 + 2t 2 /v 2 + v\, -v 2 - vl \ 

tan 20 = o — -£ 1 o T • 43 

V ; 1 + t 2 \v 2 x + v 2 x ,+v 2 + v 2 ,J y ' 

The relation in (42) predicts that there exists an energy scale at which the 
model loses its pertubative character as we have noted at the main aspect 
of the 3-3-1 models. Therefore, in order to keep its pertubative character, we 
have sin 2 9 w {ji) < 1/4 at any energy scale. 
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Let us summary the gauge mass spectrum. The gauge boson mixing is sepa- 
rated into two parts. One is charged gauge bosons and one is neutral gauge 
bosons. The exact eigensvectors and eigenvalues are obtained. According to 
the limit given in (26), we get the constraint on the gauge mass as follows 

M z , > M v > My > M z > M w . (44) 

This constraint is similar to those in [39]. As the masses of all new gauge 
masses are proportional to v x and iy, both are in the TeV scale [see Eq.(24)]. 
It explains why the new gauge bosons have not been yet detected, but their 
masses can be discovered by the experiments at the Large Hadron Collider 
(LHC) and at the International Linear Collider (ILC). 



5 Fermion mass matrices 

In this section we will show that all the fermions of this model get masses in 
concordance with the experimental data. 

5.1 Doubly charged charginos 

As in previous works [26,39], we get the same result without any modification. 
These new states can be dicovered in the LHC throughout the following 

p + p — >X ++ X~~- (45) 

The similar one [39] 

e- + e~ —>x-~X , (46) 
is a prospective reaction in the ILC. 

5.2 Charged leptons and charginos 

Let us consider the mass spectrum of the charged leptons and charginos. In 
the model under consideration, mass mixing matrix of the charged leptons 
and charginos is similar to that given in [29,30,36]. In our case, the e, /i and r 
leptons gain mass without a sextet Higgs or the charged lepton singlet. Note 
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that the Higgsinos p, x and their respective primed fields have the same charge 
assignment of the triplets p and x- Hence, they can mix with the usual leptons. 

Let us first consider the charged lepton and chargino masses. Denoting 
0+ = (e c , //, r c , p + , x' + , P l+ , XT, 

where all the fermionic fields are still Weyl spinors, we can also, as before, de- 
fine ^> ± = (0 + 0~) T . Then, the mass term is written in the form -(1/2) [^ ±T Y ± ^ ± + 
H.c.] where Y ± is given by: 

Y ± 



( X T ^ 



X 



(48) 



with X matrix is defined as 



f 






















































































m x 





gu 





-gu' 

















m x 





-gw' 





gw 


±fw 




^-w 


gu 











2 

















-gw' 











2 











-gu' 





2 











I 











gw 





2 









This mass matrix gives two zero eigenvalues [36]. One of two zero eigenvalues 
is identified to the electron mass and the remaining one is identified to the 
muon mass. It means that the electron and muon are massless at the tree 
level. If there is not a discrete symmetry, which is added to the Lagrangian, 
the charged lepton can get a mass by loop corrections as done at [41]. 

In this model, the electron still couples with the gaugino of U(l) group, 
[see Eq.(A.4)], in a similar way as shown at [41]. As the selectrons and the 
gauginos get their masses due the soft terms given in Eqs. (32,33), it allows 
us to draw the diagram of Fig.l that gives contribution to the electron mass. 
Therefore, at the one loop correction the electron mass is given by: 
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«u(i) sin(26'e) , 
m e oc — — m 



to 



7T 
2 



to 



ei 



m 



12 



/ to"~ 
ln ' 61 



to| 



/2 



In'™- 



m 



12 



rrif, oc 



au(i) sin(26» A ) 
— — to 



7T 



pi 



TO 



/'2 



In 



' 2 ' 
TOfr 



TO 



/2 



/2 



TO 



ln ' Ml 



TO' 



/2 



(50) 



where m',me,m p are soft parameters given in Eq. (32), au(i) = 5 ,/2 /(47r) and 
the 9g, 6fx are defined in Eq.(63). As we expect the smuon is heavier than 
the selectron, it explain why the muon is heavier than electron, see at SPS 
scenarios [42,43,44]. 

The tau gets its mass at tree level, it explains why the tau is heavier than the 
muon and electron. The other four mass values are at GeV scale as shown at 
[36]. The way we perform the diagonalization, as well, the particle definitions 
are given at [29,30,36]. 
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mi 



i 



3U 



9 \ B Ar 9 



B 



L 



Fig. 1. Diagram giving mass to electron which does not appear in the superpotential, 
e is the selectron and the label a = 1, 2. The diagram to the muon is similar (just 
change the selecton by the smuon) 



5.3 Neutrinos and neutralinos 



Because the existence of the interaction between neutrinos and neutralinos, 
their mass matrix has a mixture. The mass term in the basis 

* = ( Ve V, Vr -l\B P° p'° X° (51) 
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is given by -(1/2)[(#°) T Y°^° + H.c], where 
/ 



Y° = 






























w 



A2p 



w 



A 2 







m x 





^ 
^f-u ^-u 





























m x 








m' 


gu 


g'u 


VE 


V2 


gu' 


g'u' 


VE 


VE 


gw 


g'w 


VE 


VE 


gw' 


g'w' 


VE 


VE 

































gu 
V2 


gu' 

VE 








gu 

VE 


gu' 

VE 


gw 

VE 


gw' 

VE 


g'u 
VE 


g'u' 

VE 


g'w 

VE 


g'w' 
VE 





p-p 

2 








Up 

2 




















Mx 
2 








Mx 
2 






(52) 



This matrix has two zero eigenvalues. The parameter m\ is defined in Eq. (32). 
On the other hand, the electron's neutrinos still couples with the selectron 
and down squark, while the muon's neutrinos couple with smuons and strange 
squark. These couplings lead to the diagrams shown in Fig.2. These diagrams 



(m§) 



e)a/3 



ViL Kbika (l kL d kR K 5jkp VjR V iL \ Mka 6 kL e kR \ ljk p VjR 



Fig. 2. Diagrams giving masses to electron's and muon's neutrinos which do not 
appear in the superpotential, e is the selectron and d is the down squark and the 
label a = 1, 2. 

give the contribution to the neutrino mass given in Eq.(53). 



m 



AlellAiell — 2 



— ^lel2^ 

+ 3m g 



m 



lel2 — 9 O 

m} 2 — m u 



In 



rrir 

«5ell «5ell — o ^ 

m r — m' z 



^5el2^5el2 — 2 



rrir 

0.2 



m r — m 
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In 
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^1^21^1/421 



fl2 



^2 



K 5/i21^5/t21 2" 



^5/i22«5/j22 2 



S2 




(53) 



where rrig is the mass of a gluino, m d - is the down-squark mass and rag is the 
strange-squark mass. 

The neutrinos masses are proportional to Ai, k 5 , the parameters which break 
the lepton number conservation. The electron mass is proportional to g. Due 
to this fact we expect that it must be satisfied a condition X±,k 5 <C g', then 
we can explain the reason why neutrinos are much lighter than the charged 
leptons. 



5.4 Quarks 



Let us first consider the u-quark type. First, we define the basis as done in 
Ref. [39], particularly 



4>u = ( Ml U 2 U 3 ) , 1p u 



u\ U\ U% 1 • 



(54) 



where all the u-quark fields are still Weyl spinors, we can also define 
= (^u ) T - Then, the mass term is written in the form 



Here is given by 



(l/2)[*f^ + H.c.]. 



Y ± = 

u 



( xT^ 



\X U j 



(55) 



with 



K311U -K312M 



x u -- 



-K321M K322M 

-K 331 U K323M 



(56) 
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where the VEVs are defined in Eq.(25). The mass spectrum of the up quarks 
contains one massless particle. However the lightest quark will get mass due 
its coupling to gluino as shown in Fig. 3. Therefore the up quark's mass is 
given by 



a s sm(26u) 



7T 



m-g 



Ml 



M 2 



m 2 g 



ln'^i 



M~ 

U2 



mj 



M 2 - 

U 2 



(M 2 ' 
In ' ^ 



m 



mj 



(57) 



where a s = g 2 /(4ir), m g and m„ are the masses of the gluino and up-squark, 
respectively, and # s is the mixing angle of left- and right-handed up-squarks 
given in Eq.(63). 
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Fig. 3. Diagram giving mass to up quark which does not appear in the superpo- 
tential, u is the up-squark. 

Let us consider the d-quark type. Doing similarly as in the up-quark sec- 
tor, we define ^ = (ip^d)' 1 1 tli en the mass term is written in the form 
-(1/2) [ttfYj^ + H.c] where Y± is given by 



Y. 



± 



XJ^ 



x d 



(58) 



with 


















KnU' Ki 2 u' KisU' 



(59) 



In this sector, there are two massless eigenvalues. We can implement the same 
mechanism analyzed at [45] to give mass to d and s quarks. Thus, the model 
under consideration is compatible with chiral theory. 
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Analogously, looking at Fig.4 and Eq.(63), we get the expression for mass of 
ci-quark [41] 



a s sin(207) 
rrid oc —rrin 



IT 



Mj 



Mj - mj 



In 



Mj 

dl 

ml 



Mj 

d'2 



Mj - ml 

d^ y 



In 



Mj 
mj 



.(60) 



For the s-quark, looking at Fig. 5 and Eq.(65), we obtain [45] 
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2 
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2a + 2 
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(61) 



where 8^ are mixing angles, R^ a is defined at Eq.(65) and m| are the eigen- 
values of Eq.(64) and they are the physical masses of §i, §2, b\ and 62- 

,2 



m 



iR 



m~ g 



d 



L 



9s X(j 



\ a c 9s d c L 



Fig. 4. Diagram giving mass to quark d which does not appear in the superpotential, 
g is the gluino, di, i = 1, 2, is the down squark. 



The electron mass is given by Eq.(50), the mass of up quarks is given by 
Eq.(57) and the down quark is given by Eq.(60). Note that the quark masses 
are proportional to g s while lepton masses are proportional to g. The fact that 
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s l 9s X a c A° r 9s s R s L g s X% A° r 9 s s R 



{S d aa+ 2) LR M 2 SUSY 

daL/* > \(d a +2)R 



sl 9s \ a c \ a c 9 s s R 



Fig. 5. Diagram giving mass to s quark which does not appear in the superpotential, 
g is the gluino, Sj and 6j, i = 1,2, are the squark s and sbottom, respectively. 

g s ^ 9 gives an explanation why quarks are heavier than the leptons. The 
mass of s-quark is given by Eq.(61), comparing this formula with Eq.(60) we 
can explain why s-quark is heavier than (i-quark. 



5. 5 Sfermions 



It is known that in the general case, the sfermions have a flavor mixing. It 
leads to all sfermions mass matrices are 6x6 matrices [45]. Therefore the 
slepton sector contains lepton flavor violation at the tree level. In order to 
avoid this problem we will neglect the generation mixing in the slepton sector. 
This assumption is not held for all other squark sectors. Each 6x6 slepton 
mass matrix can be divided into three 2x2 mass matrices. The off diagonal 
left-right mixing is proportional to the fermion masses. 

Here, we will only present the main formulas. In the case of charged sleptons 
we can generally write 2x2 mass matrices 



a f m f 



\a f m f m 2 lR J 



2 

171% 







m\ 
.h 



(62) 



where / = e, ji, r. The weak eigenstates fi and are thus related to their 
mass eigenstates f\ and f 2 , where fi is the lighter sfermion, by 



h 



JL 



cosOj sin^j 



R 



sin#j cos 9 j j 



(63) 
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with Qj is the slepton mixing angle. 

The four component vectors for up-squarks and down-squarks are, respectively, 
(uil, U2L, u±R, u 2R ) and (diL, d 2 L, d iR , d 2R )- Thus, the squark squared mass 
matrices are given by 



M 2 - rl = 

u,d 



M iw {Ml {b} ) LL m c{s} A c{s} {Ml {f)} ) LR ^ 
{Ml {£)] ) LL M\ m {Ml {jj] ) RL m t{b} A m 

%{s} ( M l{D})RR 

Rt{b} I 



v U\D}' Lt{b\ v { 

{Ml {f)) ) LR {Ml {£)} ) RL M\ 

/ 7i rO \ A / 7i r' 



U{D\^ n \—U{D}' n±J Rc{s} v I 

{ (M 2 0{£)} ) LR m m A m (M 2 0{£)} ) RR M\ 



(64) 



In order to diagonalize A^? r ,-„ two rotation 4x4 matrices, and R^ d \ 
one for the wp-squarks and the other for ofown-squarks, are needed. Thus the 
squark mass eigenstates (q' a ) and the weak squark eigenstates (q a ) are related 
by 



(65) 



One obtains the squark mass eigenvalues and eigenstates after the diagonal- 
ization procedure as indicated in Ref. [46]. 



5. 6 Gluinos, exotic quarks and sfermions 



For the exotic quarks and gluinos, their masses are the same as presented at 
[39]. 



6 Higgs potential 



As usual, the scalar Higgs potential is written as 

V3-3-1 = v D + V F + v soit 



(66) 



with 



Vb = -Cd 
g' 2 



(D a D a + DD) 



j^(pp-p'p' - xx + x'x') 2 
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h3 



V F = -C F = Y,F IX F IX 

F 



E 



tip, 

2 Pl 



+ 



Px , 
2 Xt 



+ 



+ 



2 Xt 



V soft = -£smt = m 2 pp + m 2 xx + mlp'p + m 2 ,x'x, 



(67) 



(68) 



where m 2 , m 2 ,, m 2 , , m 2 x , have the mass dimension. 

All the four neutral scalar components p°, x°, p'°, x'° gain non-zero vacuum 
expectation values. Expansions of the neutral scalars around their VEVs are 
usually 



< X > 



( 
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V2 
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72 





Vp + H p + iF p 







> <P>= 7=2 





v p ' + H p/ + iFpi 




\ v x + H x + iF x ) 



( 



,<x>~- 



V2 








\ v x' + H x' + iF x' J 



(69) 



Due to the requirement that the potential to reach a minimum at the chosen 
VEVs, which is equivalent to the condition of absence of the linear terms in 
fields, we get a system of constraint equations 



I2m 2 p + 3p 2 p + g 2 (2v 2 p - 2v' 2 -v 2 x + v' 2 ) + g' 2 (v 2 p - v' 2 -v 2 x + v' 2 ) = 0, 
12m 2 , + 3p 2 p - g 2 (2v 2 p - 2v' 2 -v 2 x + v' 2 ) - g' 2 (v 2 p - v' 2 -v 2 x + v' 2 ) = 0, 
I2m 2 x + 3p\ - g 2 (v 2 p - v' 2 - 2v\ + 2v> 2 ) - g' 2 (v 2 p - v' 2 -v 2 x + v' 2 ) = 0, 
12m 2 x , + 3p 2 x + g 2 (v 2 p - v' 2 - 2v\ + 2v' 2 ) + g' 2 (v 2 p - v' 2 -v 2 x + v' 2 ) = 0. 



Let us consider the Higgs mass spectrum. 
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6. 1 Neutral scalar Higgs 



Let us consider the mass spectrum of the neutral scalar Higgs bosons in the 
model under consideration. The mass Lagrangian of neutral scalar Higgs can 
be written in the form 



£h = -- (H p , H x , H p/ , H x ,) (Hp, H x , H p >, H X ,) T , 



(70) 



where 



Mi = ^2 9 * +g 'i)v x , 



V 



t\ —a titan a —at\t2 a t\ \ 
-a titan a tan 2 a a t 2 tan a — tan a 
—at\ a t 2 tan a t\ —at2 
a t\ — tan a —a t2 1 j 



1 



(2g'+g ,2 )vl,M' m 



(71) 



with 



g 2 + g' 2 (n . ... 



2g 2 + g' 

h = ^, t 2 = — (h, t 2 «l) and 



tana = — . 



(72) 



Because det(.M 2 H ) = 0, we get a zero-eigenvalue. It is convenient to diagonalize 
the neutral Higgs mass matrices in two stages. First, we find the transformation for 
original basis, particularly 



H = C H <* 



lE,\ 
H x 
Hp, 

\ H x'J 



( 



10 



\ 



cos ol sin a 
1 
y sin a — cos a J 



( H \ 



ip 



H 



Hip, 



(73) 



In the new basis (H\ p , H\ x , H\ p i , H\ x i), we have 



M| H = C T .M 2 H C 
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t\ -a ht 2 — 
—a ti^2 
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cos a 
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a ti 



a tg 



M 3 



x3 



(74) 



rs 7 / 



We would like to remind the reader of the energy scale v x ,v x > » v p ,v p >. This limit 
leads to tana 3> t±,t 2 and the matrix M3 is a hierarchical matrix. Hence, it is very 
useful to use the method of block diagonalization in order to find the eigenvectors 
and and eigenvalues of the matrix M3. 

Let us rewrite matrix M-2H m ^ ne basis (H\ x ' : H\ p i, H± x ). In this basis, the matrix 
M3 is 3 x 3 matrix which has form as follows: 



M 3 



x3 



cos a 
at 1 



at2 



t 2 



-a t\t 2 



_ at\ 

cos a 

-a t\t 2 



(75) 



Next we can use an unitary matrix U\ such as 
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at2 


at x \ 


cos a 


cos a 


at 2 
cos a 


1 





at 1 
cos a 





1 J 



(76) 



in order to transform M3 into the approximately block-diagonal form and also we 
change the basis of H\ = (H± x , Hi p , H\ p > ) into the new basis H 2 = (H 2x , H 2p , H 2p > ). 
Details are as follows 



H 2 = U^H U 



(77) 



U[M z Ui ~ 



with 



M 2x2 J 



(78) 
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(79) 
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The Eq.(78) proves the existence of the eigenvalues with value tan 2 a+1. The matrix 
-^2x2 produces two eigenvalues as follows 



m 3p = \ ((1 - a 2 )(t 2 + t 2 ) - ^(l + a^{t\-tlY-A{a-lYaHlti) , 

™W = \ ((1 - a 2 )(t\ + tl) + ^/(l + a2)2(t2-t2)2_4 (o _l)2 2t2^ (g0) 

with two eigenstates are, respectively 



H 3p > = s ( H 2p + c ( H 2p , (81) 
with = sin£, = cos£ and £ is determined through tan£, as follows 

tan2 C = ^f 1 ^ (82) 
(1 + aK* 2 -^) 



Let us summarize the neutral Higgs mass spectrum. There is one massless Higgs 
namely x[ an d there are three massive states. One heavy Higgs is (H 2x ) with mass 

m H 2 x = ^{2g 2 + g' 2 )(l + tan 2 a> 2 ,. (83) 



Two remaining Higgs are H 3p , H 3p / with masses, respectively 
m H 3p = \( 2 9 2 +g' 2 )m 3p v 2 ,,, 

m 2 H3p ,=^(2g 2 +g' 2 )m 3pl v 2 x ,. (84) 

6.2 Pseudo-scalar Higgs 

The model under consideration contains four massless pseudo-scalar Higgs bosons, 
namely F p , F x , F' p , F' x , and the mass matrix elements in this case are all equals to 
zero. It means that all pseudoscalars are massless. 

6.3 Singly charged Higgs boson 



In the basis (p , p' ,x ,x' )■> the mass Lagrangian for singly charged Higgs bosons 
has the form 

Ca£d = (P- > P" > X- , X'-) M^ d (p- , P >- , X -,x'-f (85) 
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with the mass matrix elements are given by 



M n = 


9 2 2 

iv 


, M 12 


9 2 
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M22 = 


9 2 2 

TV 


M33 = 


9 2 2 



g 2 a 2 

— v 2 x ,M 3 a = —v x v' x . (86) 



The matrix A^^.g ed produces two massless states, namely 



H+ = -2^-2 (W + + > (87) 



and two massive singly charged Higgs bosons 



K = ^2 ("WP' + + ^P + ) - (89) 
u p u p' 

H X = -nbr (- wx' + + «Jx + ) (90) 



and their eigenvalues are, respectively 



n 2 / 

,2 _ 9 („2 , „ ,2 \ _ 2 



™ H + = y [ v p + V j = m wi 
2 

2 



The singly charged Higgs bosons part contains two massless states and two massive 
states. One has mass equal to the mass of the W gauge boson and other one has 
mass equal to those of the V gauge boson. 



6.4 Doubly charged Higgs boson 



The model under consideration contains four doubly charged Higgs bosons, namely 
p , x j p' j x' • O n this basis, we obtain the mass matrix for doubly charged 
Higgs boson as follows 
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-ii+*2+*iy 



(92) 



The mass matrix in Eq.(92) produces the mass eigenvalues 



m 



h: 



= 0, 



m 



g 2 ( 2 



2 i 2 



-m, 



m, 



a 2 

y t 2 , 2 , 2 , 2 \ 



m 



(7- 



(93) 



and their mass eigenvectors are, respectively 



Ho 



Hz- = 



h: 




{-hp— + t 3X — - hp'— + x '~~ ) , 



t\ + 1 2 



+ tl + tl 9 +x 



(94) 



with C 



(i+tf)(i+tf+tj+tg) 
t 2 +t 3 



The mass spectrum of the doubly charged Higgs given in Eqs. (93) shows that the 
model contains one massive particle with mass equal to that of the doubly charged 
gauge boson U and at least one tachyon field, one massless field H[ which is 
identified to the Goldstone boson. To remove tachyon in the model, we have to 
include the following condition: v 2 , — v \ = v 2 — v 1 ,. This leads to appear two other 
massless particles H 2 , H%~ in the doubly charged Higgs spectrum. The presence of 
these particles maybe effect to the invisible Z bosons decay modes. Let us consider 
the invisible decay modes of into the massless doubly charged Higgs, namely 
Z M — > H — H ++, — > H — H ++. Fig. 6 predicts the invisible decay rate of Z^ 
into the massless doubly charged Higgs bosons by studying random scan over the 

10 3 -7- 10 5 GeV, t v = = -=- 100, t w = &=0 + 10 



parameter space, such as w 



and v' p = 246 GeV. The obtained result predict the contribution of massless doubly 
charged Higgs into invisible partial width of Z decay modes is very suppressed. It 
is suitable to limit on Z-decays into unknown new particles width T new < 6.3 MeV 
at 95% confidence level given in Ref. [47]. If we compare our predicted results with 
constraint given in Ref. [47], we obtain very hard constraint on the t w parameter 
particularly t w = 0.65 0.85. On the other hand, Fig.7 predicts the Z bosons 
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decay into two doubly charged Higgs decay width by studying random scan over 
t w = 0.68 -r 0.8, v' p = 246 GeV, w x = 10 3 -r 10 5 GeV. The fig.7 plays probability 
to obtain the small invisible Z decay width (ri nv i S ibi e < 2) MeV is large and the 
probability is almost independent upon parameter t v . It means that there is no 
constraint on the t v parameter in this case. 



0.006 





Fig. 6. The invisible decay rate of into the massless of the doubly charged Higgs 
bosons by studying random scan over the parameter space w = 10 3 -j- 10 5 GeV, 
t w = -=- 10 and t v = -=- 100, v' = 246 GeV. 
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Fig. 7. The invisible decay rate of into the massless doubly charged Higgs 
bosons as the function of t v by studying random scan over the parameter space 
w = 10 3 -=- 10 5 GeV,^ = 0.68 H- 0.8, v' = 246 GeV. 
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7 Conclusions 



We have built the supersymmetric version of the reduced minimal 3-3-1 model with 
two Higgs triplets. We have studied the mass spectrum of all particles contained in 
the model. The exact mass spectrum of gauge bosons is studied. In this sector be- 
yond the usual gauge bosons, W^, Z gauge bosons, we have two additional charged 
bosons, and U^, and one additional neutral gauge boson Z'. The constraint on 
the gauge mass is given by Mz> > Mjj > My > Mz > Mw- In the charged-fermion 
sector only the tau, top, bottom and charm quarks get their masses at tree level, the 
others get their masses at one loop level. In the neutrino sector only one neutrino 
gets mass at tree level, the others two and v e get their masses at one loop level. 
The neutrino masses are smaller than those of the charged leptons. It means that 
we explained the hierarchy of fermion masses in the model under consideration. In 
the Higgs sector, we can solve exactly the mass eigenstates and mass eigenvalues for 
charged Higgs bosons. The masses of the massive charged Higgs equal those of the 
charged gauge bosons, namely rn? H ± = M^ ± , m H ± = Mp- ± and m 2 H = 

In addition to massive charged Higgs bosons, in the sector of the doubly charged 
Higgs bosons it also appears the tachyon filed. If the tachyon filed is removed, the 
model contains two massless doubly charged Higgs bosons. By studying the effect 
of Z — > H^H^ modes on invisible decay width of the Z bosons, we obtain 
the narrow constraint on t w = 0.65 0.8. In the neutral Higgs bosons, it is very 
hard to obtain the exact mass spectrum. However, with the help of the relation 
u, u' <C w,w' , the diagonalization of neutral Higgs boson sector has been performed 
by using the method of block diagonalization. It leads to the neutral Higgs sector 
contained three massive states and one massless particle. All pseudo-scalar particles 
are massless. Some of which is identified to the Goldstones bosons and the remaining 
pseudo-scalar particles can be identified to the axion. This analysis is not considered 
in details in this paper. 
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A Lagrangian 

We are going to write the Lagrangians in terms of the fields in this model 
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A.l Lepton Lagrangian 
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^Lepton = d 0L exp 
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(A.l) 



The leptons in this model interact only with the weak SU(3)l boson, V^, and they 
do not directly couple to the U(l) x boson V^. The interaction between leptons and 
gauge bosons in component are given by 



(A.2) 



where A a are the usual Gell-Mann matrices. The next part is the slepton gauge boson 
interaction 
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The interaction between lepton-slepton-gaugino is given by the following term 
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and the four interaction between sleptons and gauge bosons 
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c l g v = 9 -v«v b »ix a x b L. 

The kinetic parts of the leptons and sleptons are 
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£ l Z = -\d»L\ 2 -^d»L. 
The last two terms in Eq.(A.l) are the usual F and D terms given by 
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£ 



lep 



\Fl\ 



C l ^ = iX a LD a . 



(A.7) 



A.2 Quark Lagrangian 
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+ J e 2{9sP c -(5g'/3)V'] j + j. e 2[fl 3 ^ c +(4g'/3)V'] j. 

= £ wV + ^ + + £„y v + ^ n ark + ^ uark + ^r rk - (a.8) 



as in the lepton sector we can write 
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A. 3 Scalar Lagrangian 



^Scalar = d 



pe 29V+a ' V 'p + ke^' v 'x 



+ P' e W-9'V p + £ e 2 9 V +9 'V £ 
_ ^scalar _|_ ^scalar _|_ £ ffiggg + £ R 

lggsinos 

+ *W, ( A - 10 ) 
where the terms with the auxiliary fields can be rewritten as 



Cr ba =\F p \ 2 + \F X \ 2 + \F f/ \ 2 + \F X ,\ 2 , 

^scalar = 9_ [p> a p + _ -,ya p> _ -tya^ pa 

+ J^[pp-XX-p' P ' + x'x']D, (A.ll) 
while the kinetics terms are 



£ffi gg s = (^p) f (^V) + (2W(2^X) 

+ (^pOWpO + (^x / )Wx / ), 

^Higgsinos = ^P M/ 3 + il^V^x + ip^V^P + ix^mX- (A- 12) 

The covariant derivatives are given by 
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XV 



£V</>i = d^(pi - ig I V^.'- I <^ - ig'XfaT^Bpfa, 



= d^(pi -ig\V^.'-\ (f>j - ig'X^B^. 



The interaction between the scalar-gaugino-higgsino is given by 



- ~p'X* a p'X A + p'A-p'A^ - X X* a X '~X a A + x'A^x'A^ 



2^/3 



P^Ab - P/5A B - xx^b + XxXb - p'p'Xb + p'p'X B 



+ XX Xb ~ XX X B 



A. 4 Gauge Lagrangian 



^Gauge — 



1 



d 2 e (w?w? + w a w a + w'w') 



+ J d 2 e (w?w? + w a w a + w'w') 

— r j- rs au e c 
The kinetic term has the following form 



-i(x a c a^X a c + X A a^X A + X B a^X B ) , 



with 



G% = d,g a u -d u g«-gr hc g b ^ u , 

K» = W - ^v; - gf ab X v ^ 

B^v = d^By — d v B^, 
rfX a c = d fM X a c -g s r bc g^X c c , 
V^X A = d,X A -gf abc V b X A , 
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where f abc are the structure constants of the gauge group SU(3), and we have the 
usual self-interactions (cubic and quartic) of the gauge bosons. The last term in 
Eq.(A.15) is 



£ gaugc = 1 ( D a D a + ^a^a + pjy^ _ ^ ^ 



A 5 Superpotential 



The superpotential of the model is given in Eq.(23). The superpotential in terms of 
the fields are given by 



W2 = £p 2 + CfjL + £hmt, 



W 3 - Cf 3 + C ui + C UH + C lik + £,£ ff 



(A.19) 



where 



= i [3Ai eF L LL + X 2 e(F LXP + LF x p + L X F p ) 

+ K^FqJdl + QxF^d? + Qi P 'F di ) 
+ k 2 (F QiX 'J c + QiF x , J c + Qix'Fj) 
+ Kz(F QaP u c i + Q a F p u\ + QapF Ui ) 
+ ^(F QaX J$ + Q a F x j% + Q a xF ji:j ) 
+ ^{F Qa Ld C i + Q a F L d\ + Q a LF di )\, 

C ui = -—e(LLL + LLL + LLL), 
3 

^ = + Qidi)p + K2(QJ C + Qi J c )x 



3 l 

+ Kz{Q a U C i + Q a Ui)p + K A (Q a fp + Q a jp)x], 
3 



= —{Qadl + Q a di)L, 



^Iqq - jQaLdi, 
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c iHH = -Y^ xp - 



(A.20) 
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